Abstract: This paper addresses the structural analysis and optimization of a composite sandwich ply lay-up of a NASA baseline solid metallic fan blade comparable to a future Boeing 737 MAX aircraft engine. Sandwich construction with a polymer matrix composite face sheet and honeycomb aluminum core replaces the original baseline solid metallic fan model made of Titanium. The focus of this work is to design the sandwich composite blade with the optimum number of plies for the face sheet that will withstand the combined pressure and centrifugal loads while the constraints are satisfied and the baseline aerodynamic and geometric parameters are maintained. To satisfy the requirements a sandwich construction for the blade is proposed with composite face sheets and a weak core made of honeycomb aluminum material. For aerodynamic considerations, the thickness of the core is optimized where as the overall blade thickness is held fixed in order not to alter the original airfoil geometry. Weight reduction is taken as the objective function by varying the core thickness of the blade within specified upper and lower bounds. Constraints are imposed on radial displacement limitations and ply failure strength. From the optimum design, the minimum number of plies, which will not fail, is back-calculated. The ply lay-up of the blade is adjusted from the calculated number of plies and final structural analysis is performed. Analyses were carried out by utilizing the OpenMDAO Framework, developed at NASA Glenn Research Center combining optimization with structural assessment.
Introduction
Advanced composites are becoming the materials of choice for aircraft engine components. Using composite materials in aircraft engines enables manufacturers to reduce weight, and improve performance. Advanced composite materials are made with either polymer-, metal-or ceramic matrix and high strength fibers. Polymer matrix composites (PMC) are attractive due to their low weight, high strength and low cost for manufacturing complex shaped components. Since 1975 PMCs have been used in jet engines starting with simple components in the fan and bypass duct. A milestone in PMC-technology was set by series production of fan blades for the GE90 engine. Their service temperature however were restricted to a maximum of 150 °C. Ceramic matrix composites are typically used in the hot turbine section of the engine, for parts such as guide vanes, turbine blades and shrouds, to allow increase in-service temperatures and reduce cooling requirements.
Fibrous composite properties are ideal for structural applications such as high-performance aircraft engine blades where high strength -to-weight and stiffness -to weight ratios are needed. These factors along with the flexibility to select a composite ply lay-up and fiber orientation to minimize the deformation and the stress under high rotational speeds of future aircraft engines make a sandwich blade construction attractive.
The objective of this project is to perform structural analysis, design and optimization of a sandwich construction of a given NASA baseline metallic fan blade comparable to a future Boeing 737 MAX aircraft engine fan blade. Polymer Matrix Composite (PMC) face sheet with aluminum core replaces the metallic blade made of Titanium where the fiber material is graphite and the matrix is made from intermediate modulus high strength epoxy-resin. Loads applied include combined centrifugal and pressure. Nonlinear optimization techniques are used to minimize the overall mass while displacement limitations and ply failure criteria are satisfied. The minimum number of plies for the face sheet is back-calculated using the optimization results. To finalize the task, a final structural analysis is performed to verify the optimized design.
The computer software utilized for analysis and optimization is entitled OpenMDAO (Multi Disciplinary Analysis and Optimization) [1] developed at NASA GRC (Glenn Research Center). OpenMDAO is an open-source framework written in Python, providing a number of solvers and optimizers that users can leverage to build their analysis and optimization methods quickly and efficiently. For this project, the structural analysis was performed using MSC/Nastran [2] along with two OpenMDAO optimizers NEWSUMT [3] and NLPQ [4] . The content of the report is outlined next.
Description of the baseline finite element model is presented in section 2 along with static and dynamic analyses results. In section 3, the following topics are described: Formulation of the composite blade design; Grouping of structural elements; Initial ply lay-up configuration; Ply build-up during manufacturing process; Ply failure analysis; Static and dynamic analyses results of the initial composite design. Section 4 describes the ply lay-up tailoring using optimization methods, along with the mathematical optimization problem formulation. Optimization results of the composite blade design are presented in section five, including static and dynamic results. Section six describes the discrete optimization process to obtain the number of plies. Final analysis results and discussion of the optimized composite blade is presented in section seven along with comparison of the initial and final ply lay-up shapes. Final static and dynamic analyses results are presented in concluded in this section. Con clusions are summarized in section eight followed by references.
Description of the baseline finite element blade
The baseline finite element model adopted for structural analysis and optimization of a composite design is a NASA turbine fan blade comparable to a future Boeing 737 MAX aircraft engine fan blade, shown in Figure 1 . There are 18 fan blades in the metallic baseline design, each with a total mass excluding the hub of 101 lbs. The blade span length is 48.5 inch, the rotating speed is roughly 1536 RPM, and the design pressure ratio is 1.35 with a bypass ratio of 16.2. A summary its geometric and aerodynamic parameters are provided below:
Geometric Parameters Aerodynamic Parameters
Blade Span Length = 48. The material of the baseline solid blades is of a Titanium Alloy Ti-6Al-4V, with Elastic Modulus, E = 1.60E+7 psi, Poisson's ratio, ν = 0.3, Shear Modulus G = 6.15E+6 psi, Mass density, ρ = 0.16 lb/in 3 , Yield strength = 1.5E+5 psi. The fan tip diameter is 143 inches and the rotation speed is 1536 rpm, rotating about the x-axis. The z-axis is aligned with the blade span axis and the y-axis is perpendicular to the x-z plane. The geometry for one blade is meshed with 9782 8-nodal hexahedral elements with 15,096 nodes, as shown in Figure 2 . 
Static analysis results of the baseline metallic blade
Due to symmetry of the geometry and the loading, only a single finite element blade model is used in the analysis and optimization of the solid hexahedral model. The blades are acted upon by pressure loads and centrifugal loads. Design pressure ratio is given at 1.35, with rotational speed at 1,536 RPM along the x-axis. The pressure load, applied on the top surface of the blade is calculated by subtracting the outflow pressure from the inflow pressure considering 1 atmospheric pressure, 1 ATM = 14.6959 psi:
Outflow pressure = Boundary conditions are fixed on all six degrees of freedom, (i.e. rotations and translations) at all nodes at the root of the blade. The blade is analyzed using the MSC/ Nastran software, a general purpose finite element solver [1] . From the MSC/Nastran static analysis results, SOL 101, the maximum principal stress is found at node 12 at the root section of the blade at 70,299 psi. Maximum shear stress is at 29,131 psi and the displacement resultant is 4.34 inch at the tip of the blade. The displacement value in z-direction is 0.819 inch. The weight of the metallic blade is 100.5 lbs. The static analysis results of the baseline metallic blade are summarized in Table 1 . Post processing is performed utilizing the MSC/Patran [5] software. Plots of the stresses and deformations results are depicted in Figures 3 and 4. 
Dynamic analysis results of the baseline metallic blade
Dynamic analysis (or modal analysis) of the metallic blade to determine its structural natural frequencies and mode shapes with damping neglected is performed. The natural frequencies of a structure are the frequencies at which the structure naturally tends to vibrate if it is subjected to a disturbance. The deformed shape of the structure at a specific natural frequency of vibration is termed its normal mode of vibration. From the theory of vibration the natural frequency ω of 1 DOF oscillator is: 
Static Analysis Results
Titanium Alloy Ti-6Al-4V 
where ω is the radian frequency, k is the stiffness of the component and m is the mass. From the radian frequency, the natural frequency in Hertz, (Hz.), f n , can be found by simply dividing ω by 2π :
For the Titanium blade:
where the k and m are the calculated generalized stiffness and generalized mass values, respectively. Results of the first six natural modes from the MSC/ Nastran dynamic calculations are summarized in 
Formulation of the composite blade design
The baseline solid metallic model was converted into an equivalent 2D shell model shown in Figure 7 . The conversion to the 2D shell model was required so that the composite laminates can be defined using the layered quadrilateral, CQUAD4 elements with PCOMP (Layered Composite Element Property) in MSC/Nastran [2] . The original thickness of each of the elements was maintained by calculating the distance of the coordinate points at the top and bottom surface of the solid model while the middle layer was taken as the face sheet for 2D shell model. The model conversion was accomplished by making use of the MSC/Patran [5] finite element modeling tool and Fortran programming.
The initial conversion to the 2D quadrilateral mesh created quite few elements that were out of range in terms of element aspect ratio and skewness. These elements were all located along the trailing edge and leading edge of the blade as well as at the root and tip of the blade. These caused singularity errors in the static analysis. Therefore, a process was designed to fix the bad elements and create a new mesh by merging a dozen or more elements at leading and trailing edges including the bottom and top rows at the root and tip of the blade. This process generated a new mesh where the high aspect ratio and skew were eliminated and an aspect ratio of <5.0 was achieved. Merging the elements, rather than eliminating them, ensured that the geometric parameters of the blade remained intact. Figure 7 depicts the updated mesh. The updated shell model is considered for the sandwich composite ply lay-up design, analysis and optimization. This model consists of 3,162 quadrilateral elements (CQUAD4) and 3,277 nodes, as shown in Figure 7 . The blade face sheets is modeled with fiber-reinforced advanced composite materials made of a Polymer Matrix Composite material (PMC) composed of graphite/epoxy tape fibers and intermediate modulus high strength matrix [6] . Fixed boundary conditions are applied at the root of the blade in all translations and rotations degrees of freedom. The total remaining number of degrees of freedom are 16,120. Since the geometry and loading of the Titanium model is maintained for the composite model and symmetry is assumed, a single blade is used for the composite analysis and optimization. The same pressure loads and rotation force are acted upon the blade as the metallic model, i.e. pressure load is at 5 psi, and rotation at 1,536 RPM along the x-axis.
Unidirectional laminate properties of the graphite/ epoxy tape are considered for this model with fiber volume fraction of 0.6 and these are represented using an orthotropic material model for shell elements (MAT8) in MSC/ Nastran [2] . The material properties considered are given in Table 3 . The fibers carry most of the applied load. It is important to note that the strength of PMC in the fiber orientation is somewhat greater than the Titanium material. On the other hand, the Young's modulus perpendicular to the fiber orientation is much smaller.
A sandwich construction for the blade is proposed for this fan blade with composite face sheets and a weak core made of honeycomb material, which is qualified to Boeing BMS 8-124 material specification [7] . The density of the honeycomb hexagonal cell is small, has weak in plane stiffness properties and acts as empty space to separate the face sheet and hence increase the bending stiffness without increasing weight. In addition, it offers significant weight savings, and low manufacturing cost.
Once the material properties have been specified, the next step in the composite analysis is to properly define the fiber orientation. Material property orientation is an important consideration when using composite materials because fiber orientation can greatly influence the deformations since the fibers carry most of the applied load. For the fan blade, the 0-degree fibers are oriented along the span of the blade (E11), hence the weak orientation is in the transverse direction (E22), perpendicular to the fiber direction. The material orientation is depicted as coordinate axis label 100 in Figure 8 . 
Grouping of structural elements
When the number of elements in the structure is large, the complexity and computational cost of the overall analysis process increases. For these large structures, the number of design variables is reduced by a technique called design variable linking or element grouping. The design variable linking process or element grouping is followed for the composite blade. The thickness of each of the elements is essentially the design variable for the optimization. The ply lay-up is also determined from the element grouping and thickness of the elements. The grouping of the 3,162 elements is decided according to the thickness range of the elements. The thickness of the baseline metallic blade was adopted in formulating the grouping of the CQUAD4 elements and generating the initial design for the composite blade. The grouping process supports and ensures that each group of elements defines a continuous region and that the predefined boundary shapes are retained. Each group of elements references the same property id in the MSC/Nastran analysis.
The blade model was descritized into fifteen groups, which become the design variables (DV) in the optimization problem. The element grouping and number of plies in each group is depicted in Table 4 . As shown in the Table, design variable 1 consists of 124 elements, with a thickness range of (0.0596 to 0.09128) inch. These elements are on the leading and trailing edges of the blade as shown in dark blue in Figure 9 (a). Similarly, design variable 2 consists of 342 elements, with a thickness range of (0.11231 to 0.19979) inches. These elements are adjacent to the elements in the previous group, as shown in dark red in Figure 9 (b). The individual groups of the elements for design variables 1 through 15 are shown in Table 4 and Figures 9(a) through Figure 13 (o). The complete assembly of the fan blade element grouping or design variable grouping is shown in Figure 14 .
The average number of plies was adjusted to accommodate the requirement of a symmetric layup as shown in the last column of Table 4 . For aerodynamic considerations, the thickness of the core is varied whereas the overall blade thickness is held fixed in order to keep the airfoil geometry and the original model unchanged. composite face sheets of group numbers 7 through 15 include the Boeing BMS 8-124 honeycomb material core ply of 0.5 inch thick. The honeycomb core ply is oriented at 0 degrees. The fiber orientations and ply lay-ups were defined on the PCOMP card in MSC/Nastran with an initial thickness of 0.025-inch assuming symmetry. The 'SYM' option is defined on the PCOMP card [2] to make the behavior of the laminate symmetric where only plies on one side of the element centerline are specified. The plies are numbered starting with 1 on the bottom layer. Examples of symmet rical laminates are shown in Figure 15 . The composite fan blade initially is designed with about 55% of [0°/90°] plies and 45% of [±45°] plies. The initial ply lay-up for each of the 15 groups is shown in Table 5 . The honeycomb core ply of 0.5 inch thick for the composite face sheets, group numbers 7 though 15, defined as 0.25 inch symmetric in the MSC/Nastran PCOMP card, is denoted with an asterisk in Table 5 . Initially, the composite fan blade is designed with ten ply lay-up shapes, as shown on the last row of Table 5 , and described in the next section.
Initial ply lay-up configuration

Ply build-up during manufacturing process
Advanced composite structures can be manufactured using a wide variety of processes. Each of the fabrication processes has characteristics that define the type of products to be produced. In order to select the most efficient manufacturing process, the manufacturing team considers several factors such as performance requirements, size of the product, surface complexity, materials, production rate, etc. Common production processes for polymer matrix composites are Resin Transfer Molding (RTM) process and Autoclave curing process [8] . RTM is a low pressure, closed molding process which offers a dimensionally accurate and high quality surface finish composite molding, using liquid thermoset polymers reinforced with various forms of fiber reinforcements. Autoclave curing is typically referring to the process of bonding multiple materials into a single material with the use of an autoclave. Autoclaves are controlled by setting the desired temperature and pressure.
The blade was designed with 15 design groups where each group was specified to have plies oriented at [0/90/+45/−45] degrees including a honeycomb core ply for design groups (7-15). During manufacturing process, the plies are build-up by adding the layers on top of each other. Ten layers or ply shapes in total are required to build the complete blade to form its desired shape, as shown in the last row of Table 5 .
The blade is designed initially with a ten ply lay-up shapes as shown in Figures: 16(a-c), 17(d-f), 18(g-i) and Figure 19 . For structural integrity, it is very important that some of the plies be continued across the border of the adjacent element groups. Therefore, plies of several element groups share the same orientation. For example, the first ply lay-up shape is made of fibers oriented at [0/90] degrees, which are stacked together to form the laminate over the entire face sheet of the blade, see Figure  16 (a). The second ply shape is made of fibers oriented at [+45/−45] degrees stacked together to form the laminate over the face sheet of the blade excluding the elements at the edges of the blade having thickness in the range of (0.0596 to 0.09128) inch or essentially the plies of [0/90] degrees of element group 1, see Figure 16 (b). Similarly, the third ply lay-up shape is made of plies oriented at [90/0] degrees and is layered over element groups (3-6) and Figure 19 . The build-up of the honeycomb core ply is also set in place for ply shapes 3 thru 10, as shown in Table 5 , denoted with an asterisk.
Ply failure analysis
Ply failure analysis is useful to calculate stress failure for any ply lay-up. Ply failure theories have been implemented in MSC/Nastran [2] for calculation of residual strength or ultimate load analysis. Failure indices are used as a linear 
Failure index
Three types of failure theories have been implemented in MSC/Nastran for calculation of Failure Indices (FI) in the lamina. The theories are: (1) Hill's theory, Hoffman's theory and Tsai-Wu (Tensor Polynomial) theory. Tsai-Wu failure theory is considered for the NASA composite blade analysis, given as:
where σ 1 , σ 2 and τ 12 are the lamina direct and shear stresses along the principal directions and X T , X C , Y T , Y C are the allowable tension and compression stresses along principal directions and S is the allowable shear stress. Typical values for F 12 are: 12 1 0. 5 .
For the composite blade F 12 = 2.43E-12. The ply is assumed safe if the value of the failure index is less than 1 and to have failed if the failure index value exceeds 1. 
Strength ratio
First-ply strength ratio (SR) failure concept is implement in MSC/Nastran [2] . Strength ratio is a better indicator than Failure Indices (FI) because it shows how far a ply is to failure and is similar to margin of safety. Failure indices do not show this since they are usually nonlinear functions. For the composite fan blade, the strength ratios are formulated as the constraints in the optimization problem. Strength ratio is calculated in MSC/Nastran using the Tsai-WU failure criteria as follows:
where σ 1 , σ 2 , τ 12 are the actual stresses, Xt, Xc, Yt, Yc are the stress allowable in tension and compression and FI is the failure index, set to 1.0.
Multiplying the actual stresses with the strength ratio (SR) and setting FI = 1.0 the equation becomes:
Rewriting as:
Solving for the roots (SRs) in the quadratic equation the loads can be linearly scaled based on SR to yield failure index (FI) = 1.0. Strength ratio (SR) of less than 1.0 indicates a failed ply.
Static analysis results for the initial composite design
Linear static stress analysis was performed using the finite element software, MSC/Nastran which has been interfaced in the OpenMDAO Framework [1] . MSC/Patran software is used for pre and post processing of the results [5] . The intra-lamina 'Tsai-Wu' failure criterion is used to find the ply failures. Static analysis results for the initial design of the composite blade are presented in Table 6 .
The maximum principal stress is at 117,943 psi and the maximum shear stress is at 59,768 psi. Both maximum principal stress and maximum shear stress are higher than the Titanium model but they are below their allowable values. The higher stresses are probably due to the reduced thickness of the composite and the inclusion of the honeycomb core. Stress distribution is shown in Figure  20 . Displacement magnitude is 9.38 inch with 1.4 inch displacement in the z-direction. The deformed blade shape is shown in Figure 21 . For the initial analysis of the composite blade, none of the plies exhibit any failure, since the maximum failure index = 0.6776 or <1.0 and minimum strength ratio (SR) for all plies (SR = 2.38) or greater than 1.0, see Figure 22 . The weight savings for the composite blade compared with the Titanium model is 75% or 25.5 lb versus 100.5 lb, much lighter as expected.
Dynamic analysis results for the initial composite design
Dynamic analysis results for the initial design of the sandwich composite blade were calculated using MSC/Nastran SOL 103 analysis solver [2] . Results of the first six natural modes from the MSC/Nastran dynamic calculations are summarized in 25.557 Table 6 : Static analysis results of the initial composite design and corresponding weight optimization problem utilizing the design concepts of the composite structure while the constraints imposed on radial displacement limitations and ply failure strength ratio criteria are satisfied and the baseline aerodynamic and geometric parameters are maintained. Weight reduction is taken as the objective function by varying the core thicknesses of the blade within specified upper and lower bounds as the design variables. Constraints are imposed on radial displacements limitation at the two tip nodes and at the same time the strength ratio of the plies is constrained within the allowable range, following the MSC/Nastran "first-ply" strength ratio failure concept. Details of the optimization formulation is provided next. 263.912 Table 7 : Natural frequencies for the initial composite design 
Mathematical optimization problem formulation
The formal expression for the structural optimization of a sandwich composite laminate shell or plate structure is:
Subject to stress and displacement constraints:
where W represents the weight, g denotes the constraints, Ns represents the number of stress constraints, Nd represents the number of displacement constraints and x represents the independent active design variables within prescribed lower (LB) and upper bounds (UB) as:
where n is the total number of design variables. The nonlinear programming optimization formulation of the composite blade is as follows:
Objective function
The objective function is to minimize the weight of the blade given by:
where ρ j is the material density for each member, A j is the cross-sectional area of the shell element, t j is the thickness of the element and m is the total number of elements, or 3162 elements.
Constraints
For the blade, the constraints g, are imposed on the strength ratio for each ply group as well as radial displacements on two tip nodes. The two tip nodes are shown in Figure 25 . The calculation of the strength ratio depends on the evaluated stress and is implemented in MSC/Nastran using the TSAI-WU failure criteria, given in equation 8. Strength ratio can be considered as margin of safety and shows how far the particular ply is to failure.
1) Strength ratio constraints:
For the composite blade optimization, the strength ratio constraints are formulated as:
where SR j is the strength ratio parameter calculated as the ratio between failure stress and the actual stress, SR 0 is the safety factor and Ns is the number of stress constraints. For the blade, the strength ratio for the 15 design groups are considered as the constraints in the optimization problem. The limitation on the strength ratio (SR) includes a safety factor (SF) in the range of (1.5 < SF < 3.0). The strength ratio constraints taking into account the safety factor are formulated as: 
2) Radial displacement constraints: The equation which describes the radial displacement at any radial position is the dot product of the displacement vector and the unit vector in the radial direction given as:
where r is the displacement value obtained from static analysis in y-z plane at the tip node and u is the (y, z) coordinate locations of the tip node. For the blade, x-axis is the axis of rotation and consequently when y and z are zero we are at the center of the circle. Therefore, the y and z coordinates of a given point also represents the radial direction. The displacement constraints in the optimization computer code are specified as:
where u is the calculated radial displacement at the tip of the blade, u 0 is the maximum displacement allowable or 0.5 inch, taking into consideration the deformed blade tip clearance requirement of less than or equal to 0.5 inch. The total number of displacement constraints is 2. For the composite blade, the two radial displacements are calculated at the corner tip nodes, 3225 and 3276 of the leading and trailing edges, as shown in Figure 25 . 
where u represents the coordinates values and r the displacement values from the static analysis run. Radial displacement at tip node 3276 is calculated as follows: 
Design variables
Fifteen design variables are specified in the formulation of the sandwich composite blade. These design variables represent the linking of the 3162 elements into the 15 ply groups. Design variables are defined such that by select- ing an initial ply thickness and allowing the thickness of the core plies to vary with a particular fiber orientation for every element, the total laminate thickness can change continuously throughout the blade and at the same time, the shape of the aerodynamic profile remains fixed. Since the honeycomb core ply is constructed for design variables 7 through 15, the first 6 design variables are considered passive in the optimization process. Manufacturing constraints or side constraints such as lower and upper bounds on the plies are imposed, limiting the size of the core thickness variables as:
where x represents the design variable, LB and UB are the lower and upper bounds respectively and n is the number of design variables.
In the optimization process, the general formula to update the design variables, (x j ) in a nonlinear programming algorithm at the k th intermediate iteration is given as:
where the step length α k−1 is calculated to find the local minimum of the objective or weight in this study along the direction {d} k−1 in the feasible domain.
Optimization results of the composite blade design
Optimization algorithms NEWSUMT [3] and NLPQ [4] , both available in OpenMDAO Framework [1] , are used for obtaining the optimum design of the composite sandwich fan blade. The minimization algorithm used in NEWSUMT is a Sequence of Unconstraint Minimizations Technique. The major features of NEWSUMT include a modified Newton's method where the second derivatives of the penalty function are approximated by expressions involving only the first derivatives. Another major feature is an extended interior penalty function formulation where it combines the interior and exterior penalty functions. The code is written in Fortran and is very efficient for solving linear and nonlinear constrained or unconstrained minimization problems. This optimizer is included in the Open-MDAO standard library to provide users with a basic gradient-based optimization algorithm. NLPQ is another gradient based optimizer available in OpenMDAO but is not publicly accessible. NLPQ (NonLinear Programming by Quadratic Langragian) solves nonlinear optimization problems. NLPQ generates a sequence of quadratic programming subproblems obtained by a quadratic approximation of the Lagrangian function and linearization of constraints. This algorithm is also very efficient and in most cases requires fewer function calls than NEWSUMT. However, this algorithm has recently been implemented in OpenMDAO Framework and the default parameters, such as convergence criteria and step length have been assumed, thus requiring greater CPU time than NEWSUMT method. Further development of the OpenMDAO is expected to result in significantly shorter CPU time for the NLPQ optimizer.
In general, structural optimization takes a great deal of computation time because in every iteration a complete finite element analysis is required. The number of iterations, however, can be kept down by a good estimate of the initial values of the design variables. On the other hand, for the sandwich composite blade model, it is nearly impossible to predict a favorable initial design for each layer because of the complexity of the fan blade design and the ply lay-up shapes.
The CPU time in the optimization process for the composite blade design running on a Linux x86_64 workstation at 2.67 GHz was high. NEWSUMT optimizer took 79,798.68 seconds or 22 hours and NLPQ 95,820 seconds or 26 hours.
Static results of the optimized composite design
The optimum weight iteration history plot obtained from the two optimization methods is plotted in Figure 26 . The The CPU time to convergence was 22 hours with 34 iterations, 998 objective function calls, 408 constraint functions and 284 approximate constraint function calls. The weight is slightly higher than the initial weight of 25.56, but this is reasonable as explained in the next section observing the activity of the response constraints. The convergence from NLPQ optimizer was not achieved at the maximum number of iterations allowed of 100. The CPU time for NLPQ was 26 hours. From the chart in Figure 26 , it shows that the optimizer had reached convergence at about iteration number 60 but due to some other parameter setting it was not able to stop. The weight by NLPQ is 28.07 lb., which is also slightly higher that the initial weight of 25.56 lbs by 9.75%, as shown in Table 8 . Maximum principal stress and maximum shear stress results with percent differences are given in Table 8 . Principal stress values were reduced from the initial design by about 8% for both optimization methods. Shear stresses were also reduced by both methods by about 9.5%. The magnitude of the displacement was reduced by about 8.8% for both NEWSUMT and NLPQ optimizers. Deformation results are depicted in Table 9 .
The optimum weight however, increased slightly. The increase in the optimum weight by both optimizers is due to constraint numbers 1, 7 and 8 which were initially violated with strength ratios of (1.356, 1.216 and 1.422) respectively, which are below the minimum allowable of 1.5, see Table 9 . The optimization process made these constraints feasible and active by both optimization methods, as shown in Table 10 . The optimized strength ratio value for constraint numbers 1, 7 and 8 became (1.580, 1.508 and 1.788) by NEWSUMT and (1.538, 1.5, and 1.666) by NLPQ optimizer. Constraint number 17, which is the radial displacement at tip node 3276, became active by both optimizers. (Active constraint is assumed to be within 0.02% of the lower and/or upper bound). Stress plots of these results are shown in Figure 27 and deformation plots in Figure 28 .
Failure indices and strength ratio plots from the NEWSUMT optimum design are depicted in Figure 29 . The optimum composite blade design does not exhibit any ply failures since the maximum failure index is 0.483 which is less than 1.0 and the minimum strength ratio over the 15 design groups is greater than 1.58 which takes into account the minimum safety factor of 1.5. Strength ratio of less than 1.0 exhibits ply failure.
The optimum design by both NEWSUMT and NLPQ optimization methods along with a comparison with the initial design of the composite blade, are shown in Table  11 . For the first six design groups, ply thickness was passive in the optimization process (i.e. not allowed to vary). The honeycomb core thickness was updated for design variables 7 thought 15 as shown on Table 11 . The lower and upper bounds of the design variables were set at 0.001 inch and 1.0 inch, respectively. For NEWSUMT the minimum core thickness varied between 0.015 inch for design group 11 and 0.826 inch for design group 15. The ply thickness in column 6 for NEWSUMT and column 8 for NLPQ both in Table 11 is calculated as follows:
Optimum ply thickness = (total laminate thickness − optimum core thickness)/initial number of plies In the optimization results, the total laminate thickness for each design group remains at the same value as the initial laminate thickness thus maintaining the aerodynamic and geometric parameters and verified as follows:
Total laminate thickness = initial number of plies * (optimum ply thickness) + optimum core thickness
Dynamic analysis results of the optimized composite design
Dynamic analysis results of the optimized design of the composite blade were calculated using MSC/Nastran SOL 103 analysis solver [2] . Results of the first six natural modes from the MSC/Nastran dynamic calculations and comparison with the initial frequency of the composite 
Discrete optimization to obtain number of plies
Discrete optimization is performed to obtain the optimum number of plies. Once the optimum design is obtained from the optimizer, discrete optimization and final static analysis is performed to obtain the minimum number of plies and the optimum weight. Table 13 depicts the number of plies back-calculated from the NEWSUMT optimum design. Design variables (1-6) remain passive. The calculation is approximated by rounding up the real numbers to integers as shown in Column 4 of Table 13 . The ply lay-up is adjusted to fit the specified ply lay-up, which is in increments of 4 plies, as shown earlier for the symmetric layup specification in Table 5 . The core thickness of the blade, last column in Table 13 , and the optimum number of plies (3 rd column in Table 13 ) are back-calculated as follows:
Core thickness = Total laminate thickness -(optimum number of plies * 0.025)
Optimum number of plies = (Optimum ply thickness) * (Initial number of plies) / 0.025, where 0.025 in the assumed initial ply thickness.
The number of plies for NLPQ is back-calculated following the same process as NEWSUMT. Results at the final iteration are considered for this method since convergence was not fully achieved. The number of plies backcalculated from the NLPQ last iteration, considered as 
Final analysis results and discussion of the optimized composite blade
Final static and dynamic analyses is required in the final step of the sandwich composite blade design process to calculate/verify the final weight, ply strength ratios, deformations and mode shapes using the optimum ply lay-up sequence, number of plies and corresponding core thicknesses.
In this final step, MSC/Nastran database PCOMP entries are updated with the new number of plies and core thickness and final static (SOL 101) and dynamic (SOL 103) analyses are executed. The integer number of plies and core thickness from the NEWSUMT design as given in Table 13 columns 5 and 6, and the design obtained from NLPQ optimizer as given in Table 14 , columns 5 and 6 were considered for the final analysis of the sandwich composite blade, in two separate runs.
The initial ply thickness for the all design variables remained fixed at 0.025 inch. The core thicknesses of design variables 7 through 15 and the number of plies for these variables, as given in the last column of Tables 13  and 14 were entered in the PCOMP cards in the MSC/ Nastran database for each of the runs. The final number of plies and core thicknesses for each design variable group is shown in Table 15 . From Table 15 we observe the following: -For design variable 7, the number of plies was increased to 12 from 8 for both NEWSUMT and NLPQ optimizers and the core thickness was reduced from the initial 0.5 inch to 0.4 inch. -For design variable 8, the number of plies was increased to 16 from 12 with both optimizers while the core thickness was reduced from the initial 0.5 inch to 0.4 inch. -For design variable 9, the number of plies was increased to 20 from 16 with both optimizers while the core thickness was reduced from the initial 0.5 inch to 0.4 inch. -For design variable 10, the number of plies was increased to 24 from 20 with both optimizers while the core thickness was reduced from the initial 0.5 inch to 0.4 inch. -For design variable 11, the number of plies was increased to 44 from 24 with NEWSUMT optimization process while the core thickness was reduced from the initial 0.5 inch to 0.0 inch. Therefore, no core thickness is required in the final analysis run for design variable 11 but the number of plies was increased from 24 to 44. With the NLPQ optimum design the number of plies was increased to 28 from the initial 24 and the core thickness was reduced to 0.4 from the initial 0.5 inch. -For design variable 12, the number of plies and core thickness remained unchanged at 28 plies with core thickness of 0.5 inch for both optimizers. Table 14 : Number of plies back-calculated from NLPQ optimum design -For design variable 13, the number of plies was reduced to 28 from 32 while the core thickness increased to 0.6 inch from the initial 0.5 inch, with both optimizers. -For design variable 14, the number of plies was reduced to 28 from 36 with NEWSUMT optimizer with increased core thickness to 0.7 inch from the initial 0.5 inch. With the NLPQ optimum design the number of plies was increased to 56 and no core thickness. -For design variable 15, the number of plies was reduced to 28 from 40 with NEWSUMT optimizer while the core thickness increased to 0.8 inch from the initial 0.5 inch. For NLPQ the number of plies was reduced to 32 with an increase in the core thickness to 0.7 inch.
The number of plies in the final analysis for each design group and comparison with the initial design is plotted in Figure 32 .
The final symmetric ply lay-up with the NEWSUMT optimizer for each design group denoted with (F) is shown in Table 16 along with comparison with the initial ply lay-up (I). Ply symmetry is denoted with a subscript [ ] S . For design group 7, four additional plies were required, shown as 90/0 in red, considering symmetry, see Table 16 . Similarly, for design groups 8, 9 and 10, four additional properties than the fiber properties, whereas, at 0° to the fiber direction, the properties are fiber dominated [8] . The number of ply shapes was reduced to 8 from the initial 10, as shown on the last row of Table 16 . A comparison of the initial and final ply lay-up shapes is provided in the next section. Figure  33 . (8, 9 , and 10) of design groups (13, 14 and 15) were eliminated from the final optimization, as shown crossed off in red in Table 17 . 
Final static analysis results
A final static analysis was executed of the updated MSC/ Nastran database and the results are shown in Table 18 .
Comparing with the initial design the final weight was increased from 25.56 lb to 27.94 lb with NEWSUMT and 27.84 lb with NLPQ. The maximum principal stress and maximum shear stress results with percent differences are given in Table 17 . Both maximum principal stress and max shear stresses were reduced in the final analysis by both NESUMT and NLPQ optimum designs. The percent difference for NEWSUMT was 8% for maximum principal stress and 9.22 percent for maximum shear stress. The differences for NLPQ were 9.78% reduction and 10.98% percent for maximum principal stress and maximum shear stress, respectively. The displacement magnitude was reduced in the final analysis, 10.55% by the NEWSUMT design and 8.57% by the NLPQ design. The final stress and deformation plots are depicted in Figures 39 and 40 . Radial tip displacements were also reduced by both optimizers at tip nodes 3225 and 3276, as shown in Table  18 . Percent reduction was 10.5% with NEWSUMT for both tip nodes and about 9% with NLPQ.
Final analysis results of strength ratio and comparison with the initial ratios is shown in Table 19 . Percent difference with NEWSUM ranged from 2.6% reduction to 43.2% increase. The final analysis from the NEWSUMT optimum design shows all strength ratio values to be in the feasible domain, i.e. greater than or equal to 1.5 and less than, or equal to 3.0, which account for the safety factor. Final analysis using the NLPQ optimum design however produced a slightly infeasible constraint, namely constraint number 7. The strength ratio for constraint number 7, as shown in Table 19 , was 1.387 for NLPQ which is less than the allowable of 1.5 but since the ratio is greater than 1.0, it passes the ply failure TSAI-WU test criteria. This infeasibility is because NLPQ failed to converge at the maximum allowable iterations.
Final analysis results for failure indices and strength ratio from both NEWSUMT and NLPQ optimum designs are depicted in Figure 41 . The final sandwich composite blade analysis does not exhibit any ply failures since the maximum failure index is 0.479, which is less than 1.0, and the minimum strength ratio over all 15 design groups is greater than 1.60 which takes into account the minimum safety factor of 1.5.
Final dynamic analysis results
Dynamic analysis results of the final design of the sandwich composite blade were calculated using MSC/Nastran SOL 103 analysis solver. Results for the first six natural modes from the MSC/Nastran dynamic calculations and comparison with the initial frequency of the composite design are summarized in Table 20 . Both optimizers produced slightly higher frequencies than the initial design but this is expected since there was a small increase in the final weight.
Eigenvalue plots of the first six natural modes are depicted in Figures 42 and 43. As with the earlier mode shapes modes (1 st , 2 nd , 4 rth and 6 th modes) are bending modes and modes (3 rd and 5 th ) are torsion modes.
Conclusions
An optimized design for a turbo fan engine blade comparable to a future Boeing 737 MAX aircraft engine was developed converted from a given baseline solid metallic model to a sandwich composite fan blade. The optimized composite blade design meets the aerodynamic and geometric considerations throughout the design process while the solution ensured that the final design was efficient and conformed to constraints imposed on radial displacement limitations and ply failure. The result was a lighter blade design, with mass savings of 72% compared with the metallic blade for the combined pressure and centrifugal loads considered. The maximum stresses and radial displacement for the final optimized composite blade were at much higher values than the metallic blade but still within their allowable limits. It was shown that the deformation behavior can greatly be influenced by the fiber orientation. It was also shown that the final design did not exhibit any ply failures considering an additional safety factor of 1.5 in the design process. Analyses and optimization was performed utilizing the OpenMDAO Framework, developed at NASA Glenn Research Center, which allows flexibility in case any modifications are required. The study performed in this paper highlights the continuing development of an optimization process for composite material lay-ups. Further research and development will continue, considering the application of an Integer programming algorithm to further refine the optimization process.
Received: July 16, 2012. Accepted: July 22, 2012.
